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1. INTRODUCTION 

The emission of carbon gases leads to global warming depleting the ozone layer and creating a 
harmful environment for living species. Vehicles using IC engines with crude oil products as fuel are one 
major system that contributes to depleting the ozone layer and raising the Earth’s temperature [1]. With the 
transition of vehicle systems using sustainable sources like PV-solar system, stability in human-involved 
climatic conditions can be achieved. The use of electric vehicles (EVs) [2]—[5] shows a progressive move 
toward controlling global environmental issues. Solar-powered electric vehicles [6] are also becoming 
popular. Using EVs over gasoline engine vehicles can reduce the running cost significantly while saving 
environmental energy. The main constraint of using EVs is their range of operation. The use of advanced 
battery technology and converter technology can help increase the range of EVs and their efficiency. 

EVs are vehicles that run purely on electrical appliances and converter technology where the wheel 
of the EV is driven by an electric motor through a gear system. The charging system placed onboard [7] is 
trending these days for EVs, which is made possible because of growing technology in power electronics in 
the automotive sector. The battery system which is installed on the board of EV is charged [8], [9] from the 
grid (AC) source after being converted to DC type through an AC-DC converter. The battery supplies the 
power to the motor and the mechanical output of the motor through the gear system is connected to the wheel 
of the EV. A review of the issues related to the power quality that occurred while interfacing electric vehicles 
to the distribution system and various techniques to mitigate these problems have been done in [10]. In a grid 
reactive voltage regulation technique has been proposed that reduces the power losses enhances the stability 
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of voltage and optimizes the system to reduce the charging cost of EVs [11]. A low weight, size and cost 
single stage power conversion based single phase multifunctional integrated converter for EVs has been 
proposed in [12] with a power factor and total harmonic distortion of 0.9999 and 2.16% respectively. 
A hierarchical control design for frequency regulation of multi-area EV to grid application has been proposed 
in [13] and found that the V2G operation affected the primary control period more than the secondary control 
period. A battery management system based on automotive drive cycle measurements for lithium-ion 
batteries used in EVs has been proposed [14]. A new energy regeneration system for BLDC motor-driven 
electric vehicles has been proposed in [15] and found to increase the efficiency of the EV motor drives. 
Optimal scheduling of smart micro grids considering electric vehicle battery swapping stations has been 
proposed in [16] that reduces the overall cost of the system to 72 %. Salado et al. [17] proposed an electronic 
platform to include multiple energy harvesting devices in a fuel-cell hybrid electric vehicle was presented 
together with a multiple MPPT-EMS. Kalyanasundaram [18] proposed a two-stage battery charger for EV 
application has been proposed and validated in MATLAB simulation and compared with the existing model 
and found to have higher efficiency than traditional models. A new optimal scheduling methodology for 
micro-grid considering the battery energy storage systems, EVs and demand response-based teaching- 
learning-based optimization (TLBO) algorithm [19]. An efficient, cost-effective and sustainable grid- 
connected electric vehicles (EVs) battery charger based on a buck converter to reduce the harmonics injected 
into the mains power line has been proposed with an 88.1 % efficient charging prototype and a resultant 
sending-end power factor of 0.89 [20], [21]. The AC-DC conversion for EV application can be done by using 
a simple diode bridge rectifier as a front-end converter. To obtain refined DC output from the diode bridge 
rectifier, the capacitor is connected to the output terminals of the diode bridge rectifier. The use of an output 
capacitor causes power factor concerns creating the phase angle difference between the input source voltage 
and current. The conversion process diminishes the input source power factor which is a worrying factor and 
insists on power factor correction converter [22]—[26]. Poor power factor at the input of the charging system 
leads to over-sizing of electrical equipment, increase in conductor size and cost, poor voltage regulation and 
poor efficiency. 

This paper addresses the power factor issue while charging the battery of EVs. The paper focuses on 
maintaining the unity power factor on the source side while charging the battery of the EV from AC-DC 
conversion. The model is developed and the results are discussed (for three different battery levels) using 
MATLAB/Simulink software. 


2. ELECTRICAL VEHICLE CHARGING SYSTEM 

The proposed design model of electric vehicle charging system is shown in Figure 1. The generally 
available source of electrical power is AC type and is the main source for EV as well. The available AC type of 
power supply is converted to a DC type to charge a battery of EVs. The onboard socket is provided for charging 
purposes. The AC type is tapped through the onboard socket to the diode bridge rectifier (DBR). DBR converts 
AC to DC type and to obtain refined DC output, a capacitor is connected at the output terminals of DBR. The 
capacitor output is fed to a DC-DC converter to regulate the voltage according to the requirement of the EV 
system as shown in Figure 1. The output of the DC-DC converter charges the battery of the EV. 

Extinction and emission of carbon gases make conventional fuels limited in usage and give scope for 
research to look for alternative sources. Gasoline engine-based modes of transportation are the major constraint in 
the emission of greenhouse gases. Electric vehicles emitting zero pollution are a viable option for conventional 
engine vehicles. The trend illustrates that EVs replaces conventional engine vehicles in the mere future. 
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Figure 1. Proposed design model of electric vehicle charging system 


3. BUCK DC-DC CONVERTER FOR BATTERY CHARGING 
A buck converter is a simple DC-DC converter which gives out the reduced output voltage 
compared to the input voltage. Figure 2 shows the buck converter which consists of a switch, diode inductor 
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and a capacitor. Switching (buck) converter gives more efficiency than linear regulators. During the switch 
ON time of the buck converter, as shown in Figure 3(a), the switch is ON and the diode becomes reverse 
biased. The inductor is charged up to the input source level and the voltage across the inductor is given by 
(1). The current circulates from the input source to load through the inductor. 


V, = Vout = V; (1) 


During the switch OFF time of the buck converter, as shown in Figure 3(b), the switch is OFF and the diode 
becomes forward biased. The input source is completely isolated since the switch opens and the stored 
energy in the inductor (1) is discharged to the load. 

The duty cycle of the buck converter (in continuous mode) is given by (2). 


Vout =D* Vin (2) 


The duty cycle formulation illustrates that as the duty cycle varies from 0 to 1, the maximum output that can 
be obtained will be equal to that of the input voltage or will be less than the input voltage. 

Closed-loop circuit of the buck converter for the generation of control gate pulses for the power 
transistor is shown in Figure 4. The output actual voltage is compared to the reference voltage level and the 
error is fed to the PI controller to obtain the reference voltage signal which is then operated along with the 
carrier signal through a comparator to obtain controlled gate pulses to the power transistor in buck converter. 


Figure 2. Buck converter Figure 3. Buck converter switch at (a) ON condition and (b) OFF 
condition 
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Figure 4. Closed-loop buck converter 


4. AC-DC UNITY POWER FACTOR CHARGING FOR EV 

The generally available source of electrical power is AC type and is the main source for EV as well. 
The available AC type of power supply is converted to a DC type to charge a battery of EVs. The onboard 
socket is provided for charging purposes. The AC type is tapped through the onboard socket to the diode 
bridge rectifier (DBR). DBR converts AC to DC type and to obtain refined DC output, a capacitor is 
connected at the output terminals of DBR. 
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As the presence of DBR deteriorates the source side power factor the control methodology to correct 
the source side power factor is shown in Figure 5. Battery actual voltage is compared with the reference 
value and the error signal is fed to the PI controller which gives out the current magnitude (input source side) 
signal. AC input source shape is sensed and is multiplied with the current magnitude signal to obtain the 
current reference signal. The current reference signal is compared with the actual current (from buck output) 
and the net signal is fed to Hysteresis current controller to generate the gate pulses to the power transistor in 
the buck converter. This process corrects the input current shape and hence maintains the input source side 
power factor unity. 

The overall EV battery charging system with unity power factor correction is shown in Figure 6. 
The output of the DC-DC converter charges the battery of the EV. Closed-loop buck converter while 
regulating the voltage, also regulates the current signal and accordingly gate pulses are generated. Hence 
input (on the AC side) source power factor is corrected yielding a unity power factor. 
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Figure 5. Control for unity power factor in EV battery charging system 
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Figure 6. Overall EV battery charging system with power factor correction 


5. RESULT ANALYSIS 

Table | illustrates the system parameters used for simulation analysis. The different parametric 
values of the circuit used in the simulation of the AC-DC UPF charging circuit for two-wheeler electric 
vehicle application are described. A lead-acid type battery is used in the analysis for electric vehicle 
applications. The analysis is carried out for three different charging conditions of Lead-acid batteries for EV 
application. 

Figure 7 represents the MATLAB simulation model in which the ac source is first converted to DC 
through an AC-DC converter using the above-mentioned switching strategy. The EV and battery are 
connected to a DC-DC buck converter with the proposed switching scheme which is connected to the AC-DC 
converter. The power flows from the AC source to the destination DC-DC converter that facilitates the 
charging of the battery connected to the EV. The simulation model has been designed in MATLAB 2015a for 
discrete variable steps with a sample time of 50e-6 and an ode45 solver. 
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Table 1. System parameters 


Parameter Value 
AC source 1-Ø, 230V, 50Hz 
Buck inductor 1mH 
Buck capacitor 4500uF 
Battery type Lead-acid type 
Battery rating Nominal voltage (64V, 120V, 200V), 200Ah 
Battery nominal discharge current 40 A 
Battery SoC (%) 80 % 
Battery response time 30 Sec 


Discrete, 
s = 5e-005 s. 


powergui 


Electric Vehicle 


EV Control 


Figure 7. Simulation model of the proposed system 


5.1. AC-DC unity power factor charging for 64 V battery 

Figures 8 and 9 show the input source voltage and current on the AC side. The voltage is with 320 V 
peak amplitude and current with 2.75 A amplitude. Figure 10 shows the AC input source power factor. The 
input source voltage and current are in phase and yield a unity power factor. Figure 11 illustrates the FFT 
window of AC input source current and the AC source is distorted by 1.20% to fundamental. Figure 12 
shows the state of charging (%) of the battery (charging for 64 V condition). The charging percentage is close 
to 80 % over the period. Figures 13 and 14 show the output voltage and output current of the battery. The 
battery output voltage is 61 V (full charge condition) and the current is negative 14.1 A in magnitude 
illustrating the battery is in charging mode. 
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Figure 8. Input source voltage 
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Figure 10. Input source side power factor 
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Figure 11. Input source current THD 
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Figure 12. Battery state of charging (%) 
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Figure 13. Output voltage of the battery 
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Figure 14. Output current of the battery 


5.2. AC-DC unity power factor charging for 120 V battery 

Figures 15 and 16 show the input source voltage and current on the AC side. The voltage is with 
320V peak amplitude and current with 4 A amplitude. Figure 17 shows the AC input source power factor. 
The input source voltage and current are in phase and yield a unity power factor. Figure 18 illustrates the FFT 
window of AC input source current and the AC source is distorted by 0.85% to fundamental. Figure 19 
shows the state of charging (%) of the battery (charging for 120 V condition). The charging percentage is 
close to 80% over the time. 

Figures 20 and 21 show the output voltage and output current of the battery. The battery output 
voltage is 117 V (full charge condition) and the battery output current is negative 10.7 A in magnitude 
illustrating the battery is in charging mode. 
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Figure 16. Input source current 
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Figure 17. Input source power factor 
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Figure 18. Input source current THD 
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Figure 19. Battery state of charging (%) 
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Figure 20. Output voltage of the battery 
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Figure 21. Output current of the battery 


5.3. AC-DC unity power factor charging for 200 V battery 

Figures 22 and 23 shows the input source voltage and current on the AC side. The voltage is with 
320V peak amplitude and current with 2.5 A amplitude. Figure 24 shows the AC input source power factor. 
The input source voltage and current are in phase and yield a unity power factor. Figure 25 illustrates the FFT 
window of AC input source current and the AC source is distorted by 1.33% to fundamental. Figure 26 
shows the state of charging (%) of the battery (charging for 200 V condition). The charging percentage is 
close to 80% over time. 
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Figure 22. Input source voltage 
3 T T T T T T T T 
26 pa 


Source Current (A) 


all | | | | i l | | | | 
0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3 
Time in Sec 


Figure 23. Input source current 
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Figure 24. Input source power factor 


Figures 27 and 28 show the output voltage and output current of the battery. The battery output 
voltage is 198 V (full charge condition) and the battery output current is negative 4.85 A in magnitude 
illustrating the battery is in charging mode. Table 2 describes the harmonic distortion in input source current for 
different battery conditions. In all three charging conditions of the battery, the input source current distortion is 
maintained within standard limits (less than 5%) illustrating the input source power factor will be unity. 
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Figure 25. Input source current THD 
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Figure 26. Battery state of charging (%) 
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Figure 28. Output current of the battery 


Table 2. THD in input source current 
Battery condition _ THD in source current 


64V 1.20% 
120 V 0.85% 
200 V 13% 


6. CONCLUSION 

Electric vehicles are trending these days replacing conventional gasoline engine vehicles. Gasoline 
engine vehicles emit greenhouse gases which deteriorate the environmental conditions and lead to global 
warming which is dangerous for living species. Charging technology and range of performance are the key 
factors in EV technology. Battery-driven EVs take AC supply and convert them to DC for charging the 
battery of the EV. During this process of conversion for battery charging, the input source current is distorted 
and goes out of phase to input source voltage diminishing the power factor. This paper addresses the battery 
charging system of EVs with a unity source power factor. THD in input source current is tabulated and the 
power factor for three different battery charging conditions is shown which illustrates that the power factor is 
almost unity on the source side. The AC power after converting to DC is fed to the battery for charging 
through the buck converter. The controlled buck converter improves the input source power factor and 
charges the battery for the EV. 
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